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Methylene BlueAbstract The TiO2/ZnO nanocomposite as a photocatalyst was prepared with different molar
ratios of ZnO using the sol–gel method. The structures and properties were recognized with Fourier
transform infra-red spectroscopy (FT-IR), scanning electron microscopy (SEM), and X-ray diffrac-
tion (XRD) methods. The XRD study exhibited that the crystallization behavior of the nanocom-
posites was associated with the molar ratios of ZnO. The SEM images indicated that with increasing
the molar ratio of TiO2/ZnO until 50:10, regular morphology can be seen. It should be of interest
for catalytic purposes since it expectantly improves the surface area. Furthermore, the photocata-
lytic activity of the synthesized nanocomposites was investigated for decolorization of Methylene
blue (MB) in water under UV irradiation in a batch reactor. The results revealed that the photocat-
alytic activity of nanocomposite with 50:10 M ratio of TiO2/ZnO was the best.
ª 2012 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
One of the most important sources of environmental contami-
nation is dye pollution. Textile’s wastewater consists of these
dyes, which many of them are azo compounds that can besatisfactorily removed by semiconductor photocatalysts
(Weber and Stickney, 1993; Chen et al., 2008).
Recently, the use of semiconductor photocatalysts has been
much noticeable to solve some environmental pollution. In the
number of various semiconductors, which were used; titanium
dioxide (TiO2) was one of the most important photocatalyst
for the degradation of environmental contaminants. This is be-
cause of its high photocatalytic activity, non-toxicity, chemical
stability under different conditions, and relative inexpensiveness
(Liqiang et al., 2004;AbdelAal et al., 2008; Tian et al., 2009a, b).
TiO2 is an effective material for the degradation of dyes from
wastewater. However, because of its large band gap (3.2 eV);
it cannot absorb sunlight, successfully. To reduce the band
Table 1 Different TiO2/ZnO molar ratios.
Sample 1 2 3 4 5 6
TiO2/ZnO molar ratio 50:0 50:1 50:3 50:5 50:10 50:15
Figure 1 Schematic diagram of the photoreactor systems. (1)
Water input, (2) water output, (3) glass jacket, (4) quartz cover, (5)
UV lamp, (6) stirrer.
374 S. Moradi et al.gap and increase the photoactivity of TiO2, various ways have
been tested, which one of them is its doping with different metal
ions and oxides (San et al., 2002; Siemon et al., 2002; Liao et al.,
2004; Xie and Yuan, 2004; Chen et al., 2008). ZnO carries out
this by increasing the charge separation and extending excita-
tion energy range. Furthermore, the band gap energy of ZnO
is much similar to that of TiO2. Alternatively, ZnO is a main
semiconductor for the synthesis of visible-light-active photocat-
alysts (San et al., 2002; Siemon et al., 2002; Khan et al., 2008;
Khan and Kim, 2009; Tian et al., 2009a,b).
Some researchers have synthesized nanocomposite through
various methods, including hydrolysis deposition, thermal
chemical vapor deposition, radio frequency magnetron sput-
tering, spray pyrolysis, and sol–gel methods. The sol–gel pro-
cess has signiﬁcant advantages compared to other methods
such as high purity, good uniformity of the microstructure of
powder, synthesis at low temperature and easily controlled
reaction conditions. Therefore this method has been used to
prepare of TiO2/ZnO nanocomposite (Miki-Yoshida et al.,
2002; Kim et al., 2007; Zhang et al., 2007; Chung et al., 2008).
In this work, TiO2/ZnO nanocomposite was prepared by
sol gel method and characterized by means of X-ray diffrac-
tion (XRD), scanning electron microscopy (SEM), and Fou-
rier transform infra-red spectroscopy (FT-IR). The
photocatalytic activity of the synthesized nanocomposite was
investigated for decolorization of Methylene Blue (MB) in
water under UV irradiation in a batch reactor. The effect of
zinc oxide molar ratio on the photocatalytic behavior of nano-
composite was studied in detail.
2. Experimental
2.1. Material and methods
The chemicals used in this study were tetra isopropyl orthoti-
tanate (TTIP), zinc nitrate tetra hydrate, diethanolamine
(DEA), glacial acetic acid, Methylene Blue (MB) and ethanol
from Merck Chemical Company.
2.2. Preparation of nanocomposites
In this study, TiO2/ZnO nanocomposite with different molar
ratios of ZnO was prepared by the sol–gel process. The TiO2
sol was made at room temperature, and TTIP was used as a
precursor as follows: In the ﬁrst stage, TTIP was dissolved in
ethanol with a 1:9 M ratio of TTIP to ethanol and then was
stirred for 15 min, to obtain a precursor solution. After that,
a mixture of absolute ethanol, acetic acid, and deionized water
with the molar ratio of 10:6:1 was added slowly into the pre-
cursor by a fast stirring and it was continuously stirred for
15 min to achieve a yellow transparent sol. Here, acetic acid
was used as an inhibitor to reduce quick hydrolysis of TTIP,
and so the pH value was adjusted to 5.
ZnO sol was prepared as follows: Firstly zinc nitrate tetra
hydrate was dissolved in absolute ethanol with ﬁve different
molar ratios, 0.1:110, 0.3:110, 0.5:110, 1:110, and 1.5:110. After
that, stirred for 5 min, then amixture of absolute ethanol, dieth-
anolamine, and deionized water with the molar ratio of 10:2:1
was added slowly into the precursor by a fast stirring and it
was continuously stirred for 15 min to achieve a transparent sol.
The prepared ZnO sol was directly added into the TiO2
acidic sol with the molar ratio of 1:50, 3:50, 5:50, 10:50, and15:50, to get TiO2/ZnO sol. This sol aged for 24 h. After that,
the prepared sol was dried in the air, then heat treated at
350 C for 10 min and then at 500 C for 5 h. The samples were
naturally cooled after the heat treatment (Table 1) (Abdel Aal
et al., 2008; Tian et al., 2009a,b; Weber and Stickney, 1993).
2.3. Characterization of nanocomposites
FT-IR spectra were obtained as KBr pellets in the wave num-
ber range of 4000–400 cm1 using Thermo Nicolet Nexus 870
FT-IR spectroscopy. Phase identiﬁcation of the nanocompos-
ites was done by XRD from STADI P, STOE with CuKa radi-
ation from 0 to 100 (2h) at room temperature. The
morphology and microanalysis of the nanocomposites were
studied by SEM (SEM-XL30, Philips). Varian UV–Vis spec-
trophotometer was used to determine the dye concentration.
2.4. Photocatalytic activity measurement
Photocatalytic dye decolorization experiments were carried out
in a rectangular glass reactor with 1 L capacity. A 15 W UV-
Lamp (Osram) was applied as a light source and it was placed
in a quartz tube, which was installed inside the reactor (Fig. 1).
Initially, 1 g of photocatalyst was added into a 1 L solution of
MB with an initial concentration of 5 ppm. Before irradiation,
the suspension was stirred for 24 h in darkness, due to elimina-
tion of absorption effect of the solution in the catalyst. After
that, the lamp was switched on for starting the reaction. Dur-
ing irradiation, the suspensions were sampled at regular time
intervals and immediately centrifuged to remove catalyst
particles.
3. Results and discussion
3.1. FT-IR spectra
FT-IR spectra of the TiO2/ZnO nanocomposite with different
molar ratios of ZnO are shown in Fig. 2, in the wave number
Figure 2 FT-IR spectra of powder samples. (a) Sample 1, (b) sample 2, (c) sample 3, (d) sample 4, (e) sample 5, (f) sample 6.
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can be assigned to symmetric stretching vibration of the Ti–O–
Ti bond and O–Ti–O ﬂexion vibration, respectively (Sava
et al., 2007; Karthik et al., 2010). The peak intensities at 550
and 700 cm1 were almost the same for samples 1–5, but
strongly reduced in sample 6. The molar ratios of TiO2 are
the same in samples 1–5. In sample 6, further increasing of zinc
oxide molar ratio until 15 decreases the O–Ti–O and Ti–O–Ti
bonds formation thus the intensity of the peaks are reduced.
The peaks at 800 cm1 were attributed to the vibration mode
of Zn–O–Ti (Wang et al., 2005b). The peaks at 400 and
1400 cm1 were attributed to the vibration mode of Ti–O bond
and all those at 1240, 1160 and 1080 cm1 should be due to the
Ti–OH bond. The peak at 1650 cm1 resulted from the ad-
sorbed H2O molecules, which were not removed completely
after sol–gel synthesis (Liao et al., 2006; Karthik et al.,
2010). The wide peak at 3250 cm1 has been assigned to the
OH stretching vibration of surface hydroxyl group. During
the hydrolysis of TTIP, large amount of ethanol lead to the
appearance of hydroxyl bond (Aberomand Azar et al., 2010;
Khodadadi et al., 2012).3.2. SEM
Surface morphology of the synthesized nanocomposite has
been studied and their SEM is shown in Fig. 3. Fig. 3a reveals
TiO2 nanoparticles which, synthesized from TTIP hydrolysis
without adding any ZnO. It is seen that pure TiO2 does not
show a regular surface. They were irregularly shaped as aggre-
gates due to the high viscosity of the sol, which reduced the dis-
persion of particles (Liao et al., 2008). Figs. 3b–f exhibit the
TiO2/ZnO nanocomposite at different molar ratios of ZnO.
Through SEM, it was observed that the particle morphology
of the TiO2 was affected by the addition of ZnO and the size
distribution of TiO2/ZnO nanocomposite was improved with
increasing ZnO molar ratio except sample 6. In samples 2–4,
nanocomposites were composed of small agglomerates and
nanoparticles (Abdel Aal et al., 2008; Tian et al., 2009a,b).
In sample 5 with 50:10 M ratio of TiO2/ZnO, regular morphol-
ogy can be seen. It should be of interest for photocatalytic pur-
poses since it expectantly improves the surface area (Rego
et al., 2009). In sample 6, with further increases in ZnO molar
ratio until 15, (TiO2/ZnO; 50:15), some large aggregation with
Figure 3 SEM images analysis of powder samples. (a) Sample 1,
(b) sample 2, (c) sample 3. (d) sample 4, (e) sample 5, (f) sample 6.
376 S. Moradi et al.different sizes were dispersed that decreased the photocatalytic
activity.Sample 5 reveals well ordered and good size distribution of
particles and it was used for photocatalytic dye decolorization
and showed no aggregation in comparison with other samples.
3.3. XRD
The XRD patterns of powders that were crystallized by using
different molar ratios of TiO2/ZnO from (50:0) to (50:15) is
shown in Fig. 4. Six remarkable peaks were observed which re-
lated to anatase (25, 48), rutile (27), zincite (31, 47, 54, 57, 63,
67,69), zinc (43), titanium zinc oxide (40, 73) and titanium zinc
phases (35) (Oyoshi et al., 2000; Wang et al., 2005a; Abdel Aal
et al., 2008; Vaezi, 2008; Jiang et al., 2009). It can be seen ana-
tase phase as the dominant phase is observed in all samples. In
the sample 1, Fig. 4a, only anatase phase of TiO2 was formed.
Anatase phase solely does not show any good photocatalytic
activity. After increasing the molar ratio of ZnO, in sample
2, Fig. 4b, three phases including, anatase, rutile, and zincite
were exhibited. In this sample separate crystallization of
TiO2 and ZnO was observed. In samples 3 and 4, Fig. 4c
and d, after increasing the molar ratio of zinc oxide, Ti and
Zn were doped and the new phase called titanium zinc was
formed with different molar ratios of Ti and Zn, (Ti0.6 Zn0.4)
and (Ti Zn3). In sample 5, Fig. 4e, separate crystallization of
TiO2 and ZnO was observed and with increasing the percent-
age of titanium and zincite phases, photocatalytic activity of
samples has increased. In sample 6, Fig. 4f, a reaction between
ZnO and TiO2 to form Zn2TiO4 took place after further in-
crease in the molar ratio of zinc oxide until 15 (TiO2/ZnO;
50:15). The formation of photoinactive Zn2TiO4 decreases
the photocatalytic activity (Wang et al., 2005a; Janitabar-Dar-
zi and Mahjoub, 2009).
The crystallite size of samples 1–6 are estimated to be 72,
64, 56, 48, 37 and 92 nm, respectively, by using the sherrer
equation
d ¼ kk=b cos h
where b (radians) is the full-width of half maximum at 2h 25.3,
k is a constant (0.89), k is the X-ray wavelength (0.1541 nm for
Cu Ka), d is the particle diameter and h is the angle of the dif-
fraction peak (degrees) (Chan et al., 2009). The data revealed
that TiO2/ZnO molar ratio affected the particle size of nano-
composite. It is obvious that, in samples 1–5 with an increasing
molar ratio of ZnO until 10 (TiO2/ZnO; 50:10), the particle
size decreased from 72 to 37 nm. Further addition of ZnO mo-
lar ratio until 15 (TiO2/ZnO; 50:15), in sample 6, resulted in
increasing the particle size until 92 nm due to the aggregation
of particles.
3.4. Photocatalytic activity
Fig. 5 shows the effect of ZnO molar ratio on photodegrada-
tion of MB (5 ppm) in water under UV irradiation in a batch
reactor at different time intervals.
According to Fig. 5, the photocatalytic activity enhances
when ZnO molar ratio increases until 10 (TiO2/ZnO; 50:10).
In samples 1–5, absorbance of MB would be reached to 0 after
4, 4, 3.5, 3 and 2 h of irradiation. Sample 6, TiO2/ZnO with
50:15 M ratio, showed the lowest photocatalytic activity and
the MB degradation time increased to 4.5 h. Titanium dioxide
is an effective photocatalyst that produces electrons and posi-
tive holes with UV irradiation. In the photocatalytic process,
Figure 4 XRD patterns of powder samples. (a) Sample 1, (b) sample 2, (c) sample 3, (d) sample 4, (e) sample 5, (f) sample 6.
Figure 5 Decolorization of MB solution under UV radiation for
powder samples.
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and a reductant. The generated electron–hole pairs in a photo-
catalytic process must be trapped in order to avoid recombina-tion. The hydroxyl ions (OH) are the likely traps for holes,
leading to the formation of hydroxyl radicals which are strong
oxidant agents, while the traps for electrons are adsorbed
oxygen species, leading to the formation of superoxide species
(O2) which are unstable, reactive and may evolve in several
ways. The degradation rate of pollutants are inﬂuenced by
the active site and the photoabsorption of the catalyst used.
Adequate loading of TiO2/ZnO catalyst increases the genera-
tion rate of electron/hole pairs for enhancing the degradation
of pollutants. However, addition of a high dose of the ZnO
to TiO2 decreases the light penetration by the photocatalyst
suspension and reduces the degradation rate. This can be ex-
plained on the basis that the surface area is higher for smaller
particles. Thus, increasing of ZnO ratio leads to decreasing the
surface area and increasing the particle size of the catalyst.
Catalyst sample with TiO2/ZnO ratio of 50:10 has a crystalline
and anatase form, which accelerates the catalytic efﬁciency
(Barakat et al., 2004; Abdel Aal et al., 2008). In addition,
the formation of photoinactive Zn2TiO4 at high ZnO ratio
decreases the photocatalytic activity (Wang et al., 2005a;
Janitabar-Darzi and Mahjoub, 2009).
378 S. Moradi et al.Then Sample 5 has the best photocatalytic activity in com-
parison to other samples and the absorbance of MB solution
has been reached to 0 after 2 h of irradiation.
4. Conclusions
The TiO2/ZnO nanocomposite was prepared with different mo-
lar ratios of TiO2/ZnO using the sol–gel method. The SEM
images indicated that sample 5 reveals well ordered and good
size distribution of particles and it was used for photocatalytic
dye decolorization. In addition, sample 5 showed no aggrega-
tion in comparison with other samples. It is important for pho-
tocatalytic activity that the particle size of the photocatalyst
should be homogeneous. The XRD study exhibited that in sam-
ples 1–5 with increasing the molar ratio of ZnO until 10 (TiO2/
ZnO; 50:10), the particle size decreased from 72 to 37 nm. Fur-
ther addition of ZnO molar ratio until 15 (TiO2/ZnO; 50:15,
sample 6) resulted in increasing the particle size until 92 nm.
The photocatalytic activity of the synthesized nanocomposite
was investigated for decolorization of Methylene blue (MB).
The results showed that after increasing the molar ratio of zinc
oxide until 10 (TiO2/ZnO; 50/10), the photocatalytic activity is
enhanced gradually from sample 1–5. Addition of a high dose
of ZnO to TiO2 decreases the light penetration and reduces
the degradation rate. So sample 5 has the best photocatalytic
activity in comparison to other samples and the absorbance
of MB solution has been reached to 0 after 2 h of irradiation.
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